This paper contains ground-motion prediction equations (GMPEs) for average horizontal-component ground motions as a function of earthquake magnitude, distance from source to site, local average shear-wave velocity, and fault type. Our equations are for peak ground acceleration (PGA), peak ground velocity (PGV), and 5%-damped pseudo-absolute-acceleration spectra (PSA) at periods between 0.01 s and 10 s. They were derived by empirical regression of an extensive strong-motion database compiled by the "PEER NGA" (Pacific Earthquake Engineering Research Center's Next Generation Attenuation) project. For periods less than 1 s, the analysis used 1,574 records from 58 mainshocks in the distance range from 0 km to 400 km (the number of available data decreased as period increased). The primary predictor variables are moment magnitude ͑M͒, closest horizontal distance to the surface projection of the fault plane ͑R JB ͒, and the time-averaged shear-wave velocity from the surface to 30 m ͑V S30 ͒. The equations are applicable for M =5-8, R JB Ͻ 200 km, and V S30 = 180-1300 m / s.
INTRODUCTION
Ground-motion prediction equations (GMPEs), giving ground-motion intensity measures such as peak ground motions or response spectra as a function of earthquake magnitude and distance, are important tools in the analysis of seismic hazard. These equations are typically developed empirically by a regression of recorded strong-motion amplitude data versus magnitude, distance, and possibly other predictive variables. The equations in this report were derived as part of the Pacific Earthquake Engineering Research Center's Next Generation Attenuation project (PEER NGA; Power et al. 2008) , using an extensive database of thousands of records, compiled from shallow crustal earthquakes in active tectonic environments worldwide. These equations represent a substantial update to GMPEs that were published by Boore and his colleagues in 1997 , hereafter "BJF97"; note that BJF97 summarized work previously published by Boore et al. in 1993 and . The 1997 GMPEs of Boore et al. were based on a fairly limited set of data in comparison to the results of this study. The in-crease in data quantity, by a factor of approximately 14, is particularly important for PSA; in addition, PGV equations are provided in this study (but were not given in BJF97). The amount of data used in regression analysis is an important issue as it bears heavily on the reliability of the results, especially in magnitude and distance ranges that are important for seismic hazard analysis. This paper is a condensation of our final project report published by PEER (Boore and Atkinson 2007) ; the reader may refer to that document for more details and a number of relevant appendices. We will refer to that report as "BA07".
DATA DATA SOURCES
The source of the strong ground-motion data for the development of the GMPEs in this study is the database compiled in the PEER NGA project ; the aim of that project was to develop empirical GMPEs using several investigative teams to allow a range of interpretations (this paper is the report of one team). The use of this database, referred to as the "NGA Flatfile," was one of the "ground rules" of the GMPE development exercise. However, investigators were free to decide whether to use the entire NGA Flatfile database, or to restrict their analyses to selected subsets.
In addition to the data in the NGA Flatfile, we also used data compiled by J. Boatwright and L. Seekins for three small events, and data from the 2004 Parkfield, California, mainshock from the Berkeley Digital Seismic Network station near Parkfield, as well as data from the Strong-Motion Instrumentation Program of the California Geological Survey and the National Strong-Motion Program of the United States Geological Survey. These additional data were used in a study of the distance attenuation function that constrained certain regression coefficients, as discussed later, but were not included as part of the final regression (to be consistent with the NGA "ground rules" regarding the database for regression).
RESPONSE VARIABLES
The ground-motion parameters that are the dependent variables of the GMPEs (also called response variables or ground-motion intensity measures) include peak ground acceleration (PGA), peak ground velocity (PGV), and response spectra (PSA, the 5%-damped pseudo-acceleration), all for the horizontal component. In this study, the response variables are not the simple geometric mean of the two horizontal component (as was used in BJF97), but rather are measures of geometric mean not dependent on the particular orientation of the instruments used to record the horizontal motion. The measure used was introduced by Boore et al. (2006) . In that paper a number of orientationindependent measures of ground motion were defined. In this report we use GMRotI50 (which we abbreviate "GMRotI"); this is the geometric mean determined from the 50th-percentile values of the geometric means computed for all non-redundant rotation angles and all periods less than the maximum useable period. The advantage of using an orientation-independent measure of the horizontal component amplitude can be appreciated by considering the case in which the motion is perfectly polarized along one com-ponent direction; in this case the geometric mean would be 0. In most cases, however, the differences between the geometric mean and GMRotI are not large, so that our response variable can be thought of in simple terms as an average horizontal component. This paper includes GMPEs for PGA, PGV, and 5%-damped PSA for periods between 0.01 s and 10 s. Equations for peak ground displacement (PGD) are not included. In our view, PGD is too sensitive to the low-cut filters used in the data processing to be a stable measure of ground shaking. In addition there is some bias in the PGD values obtained in the NGA data set from records for which the low-cut filtering was not performed as part of the NGA project. Appendix C in BA07 contains a short discussion of these points. We recommend using response spectra at long periods instead of PGD.
Data were excluded from our analysis based on a number of criteria, the most important of which (in terms of number of records excluded from the analysis) is that no recordings from obvious aftershocks were used. Aftershock records were not used because of some concern that the spectral scaling of aftershocks differs from mainshocks (see Boore and Atkinson 1989 and Atkinson 1993) . This restriction cut the data set almost in half because a substantial number of the records in the NGA Flatfile are aftershocks of the 1999 Chi-Chi earthquake. The other exclusion criteria that were applied are listed in Table 2 .1 of BA07. Response variables were excluded for oscillator periods greater than T MAX (the inverse of the lowest useable frequency entry in the NGA Flatfile).
We did not use singly recorded earthquakes. Table 1 lists all earthquakes used in our data analysis, along with the number of stations used per earthquake (for an oscillator period of 0.2 s).
A potential bias in regression results can result from not including low-amplitude data from distance ranges for which larger amplitude data for the same earthquake are included in the data set. There are several reasons that low-amplitude data might not be included: it can be below trigger thresholds of instruments, which will cause the recording to begin at some point during the S-wave arrival, it can be too small to digitize, or it can be below the noise threshold used in determining low-cut filter frequencies. Any collection of data in a small distance range will have a range of amplitudes because of the natural variability in the ground motion (due to such things as source, path, and site variability). At distances far enough from the source (depending on magnitude), some of the values in the collection will be below the amplitude cutoff and would therefore be excluded. If only the larger motions (above the amplitude cutoff) were included, this would lead to a bias in the predicted distance decay of the ground motion-there would be a tendency for the predicted ground motions to decay less rapidly with distance than the real data. BJF97 attempted to avoid this bias by excluding data for each earthquake beyond the closest distance to an operational, non-triggered station (most of the data used by BJF97 were obtained on triggered analog stations). Unfortunately, information is not available in the NGA Flatfile that would allow us to apply a similar distance cutoff, at least for the case of triggered analog recordings. Furthermore, a similar bias might also exist in digital recordings because of the presence of long-period noise that is indepen- dent of the distance from the source to the station. Consequently, the obtained distance dependence for small earthquakes and long periods may be biased towards a decay that is less rapid than the true decay.
PREDICTOR VARIABLES
The primary predictor variables (independent variables in the regression analysis) are moment magnitude M, R JB distance (closest distance to the surface projection of the fault plane), and V S30 for site characterization. (V S30 is the time-averaged shear-wave velocity over the top 30 m, calculated as the inverse of the average shear-wave slowness from the surface to a depth of 30 m [although slowness is simply the inverse of velocity, it has a number of useful properties, as discussed in Boore and Thompson 2007] .) The R JB distances estimated by R. Youngs, as described in Appendix B of Chiou and Youngs (2006) , were used for earthquakes with unknown fault geometry.
We also considered the effect of fault type (i.e., normal, strike-slip, and reverse). The fault type was specified by the plunge of the P-and T-axes, as shown in the legend to Figure 1 (Appendix D of BA07 contains a more complete description). While there are some advantages to using P-and T-axes, Figure 1 shows that the simple classification used by BJF97 (rakes angles within 30°of horizontal are strike-slip, angles from 30°to 150°are reverse, and angles from −30°to −150°are normal) gives essentially the same classifications as obtained using P-and T-axes, at least for the data set we used.
All of the predictor variables were taken from the NGA database.
DISTRIBUTION OF DATA BY M, R JB , FAULT TYPE, AND SITE CLASS
Representative M and R JB distributions of the data used in developing our GMPEs are shown in Figure 2 , with the symbols representing different fault types. The total number of recordings for the analysis (after all exclusions) is 1,574 for periods out to 1 s, with a slight decrease at 2 s, and a rapid fall off in the number of available data at periods longer than 2 s. The distributions of the data over the predictor variable space necessarily influence the GMPEs. Note in particular the lack of data at close distances for small earthquakes. This means that the near-source ground motions for small events will not be constrained by observations. For long oscillator periods, there are very few data for small earthquakes at any distance (the points in Figure 2 for M =5 and T Figure 1 . Distribution of the data we used in rake-angle and dip-angle space. The horizontal gray lines indicate boundaries between fault types used by BJF97, and the symbols and colors indicate our classification based on the plunges of the P-and T-axes (our classification scheme is indicated in the legend; see Appendix D in BA07). =10 s are all from a single event-the 2000 Yountville, California earthquake), so the magnitude scaling at long periods will be poorly determined for small magnitudes.
The widest range of magnitudes is for strike-slip earthquakes (4.3-7.9), while the narrowest range is for normal-slip earthquakes (5.3-6.9). This suggests that the magnitude scaling is better determined for strike-slip than for normal-slip earthquakes-a problem that we circumvented by using a common magnitude scaling for all types of events, as discussed later.
The bulk of the data are from class C and D sites, which range from soft rock to firm soil; very few data were from class A sites (hard rock). More detail can be found in Appendix A, which includes two possible sets of V S30 values to use in evaluating our equations for a particular NEHRP site class.
THE EQUATIONS
Following the philosophy of Boore et al. (1993 Boore et al. ( , 1994 Boore et al. ( , 1997 , we seek simple functional forms for our GMPEs, with the minimum required number of predictor variables. We started with the simplest reasonable form for the equations (that used in BJF97), and then added complexity as demanded by comparisons of the predictions of ground motions from the simplest equations with the observed ground motions. The selection of functional form was heavily guided by subjective inspection of nonparametric plots of data; many such plots were produced and studied before commencing the regression analysis. For example, the BJF97 equations modeled the far-source attenuation of am- Figure 2 . Distribution of data used to derive our regression equations for PGA and for PSA at a period 10.0 s, differentiated by fault type (points with R JB less than 0.1 km plotted at 0.1 km). The overall distributions for periods less than about 4 s are similar to those for PGA, although there are fewer recordings (the number of available recordings decreases noticeably for periods longer than 2 s).
plitudes with distance by a simple function that had no magnitude dependence and no curvature at greater distances. This form appeared sufficient for the maximum distance range of 80 km specified for the BJF97 GMPEs. The data, however, clearly show that curvature of the line is required to accommodate the effects of anelastic attenuation when modeling data beyond 80 km; furthermore, the data show that the effective geometric spreading factor is dependent on magnitude. To accommodate these trends, we (1) added an "anelastic" coefficient to the form of the equations, in which ln Y is proportional to R (where Y is the response variable), and (2) introduced a magnitudedependent "geometrical spreading" term, in which ln Y is proportional to ln R and the proportionality factor is a function of M. These features allow the equations to predict amplitudes to 400 km; the larger size of the NGA database at greater distances and for larger magnitudes, in comparison to that available to BJF97, enabled robust determination of the additional coefficients. Our functional form does not include such factors as depth-to-top of rupture, hanging wall/footwall terms, or basin depth, because residual analysis does not clearly show that the introduction of such factors would improve their predictive capabilities on average. The equations are data-driven and make little use of simulations. They include only those terms that are truly required to adequately fit the observational database, according to our analysis. Our equations may provide a useful alternative to the more complicated equations provided by other NGA models, as they will be easier to implement in many applications.
Our equation for predicting ground motions is:
In this equation, F M , F D , and F S represent the magnitude scaling, distance function, and site amplification, respectively. M is moment magnitude, R JB is the Joyner-Boore distance (defined as the closest distance to the surface projection of the fault, which is approximately equal to the epicentral distance for events of M Ͻ 6), and the velocity V S30 is the inverse of the average shear-wave slowness from the surface to a depth of 30 m. The predictive variables are M, R JB , and V S30 ; the fault type is an optional predictive variable that enters into the magnitude scaling term as shown in Equation 5a and 5b below. is the fractional number of standard deviations of a single predicted value of ln Y away from the mean value of ln Y (e.g., = −1.5 would be 1.5 standard deviations smaller than the mean value). All terms, including the coefficient T , are period dependent. T is computed using the equation
where is the intra-event aleatory uncertainty and is the inter-event aleatory uncertainty (this uncertainty is slightly different for cases where fault type is specified and where it is not specified; we distinguish these cases by including a subscript on ).
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THE DISTANCE AND MAGNITUDE FUNCTIONS
The distance function is given by:
where
and h are the coefficients to be determined in the analysis.
The magnitude scaling is given by:
where U, SS, NS, and RS are dummy variables used to denote unspecified, strike-slip, normal-slip, and reverse-slip fault type, respectively, as given by the values in Table 2 , and M h , the "hinge magnitude" for the shape of the magnitude scaling, is a coefficient to be set during the analysis.
SITE AMPLIFICATION FUNCTION
The site amplification equation is given by:
where F LIN and F NL are the linear and nonlinear terms, respectively.
The linear term is given by:
where b lin is a period-dependent coefficient, and V ref is the specified reference velocity ͑=760 m / s͒, corresponding to NEHRP B/C boundary site conditions; these coefficients 
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were prescribed based on the work of  hereafter "CS05"); they are empirically based but were not determined by the regression analysis in our study.
The nonlinear term is given by: a) pga4nlഛ a 1 :
where a 1 ͑=0.03 g͒ and a 2 ͑=0.09 g͒ are assigned threshold levels for linear and nonlinear amplification, respectively, pga គ low ͑=0.06 g͒ is a variable assigned to transition between linear and nonlinear behaviors, and pga4nl is the predicted PGA in g for The nonlinear slope b nl is a function of both period and V S30 as given by: 
DETERMINATION OF COEFFICIENTS METHODOLOGY
The selected response variables in the NGA database were first corrected to obtain the equivalent observations for the reference velocity of 760 m / s, using Equations 6, 7, 8a-8c, 9-12, and 13a-13d and an equation for pga4nl developed early in the project, using only data for which R JB ഛ 80 km and V S30 Ͼ 360 m / s (see BA07 for details). We then regressed the site-corrected observations to Equation 1 to determine F D and F M . Because the observations had all been corrected to the reference condition, we set F S =0, simplifying the regression. The analyses were performed using the two-stage regression discussed by ; the first stage determines the distance dependence (as well as event terms used in the second stage and the intra-event aleatory variability, ), and the second stage determines the magnitude dependence (and the inter-event variability, ). All regressions were done period-by-period; there was no smoothing of the coefficients that were determined by the regression analyses (although some of the constrained coefficients were smoothed). (Our "event term" is the average of the ln Y values for a given event, adjusted to the reference velocity and a reference distance (760 m / s and 1 km, respectively, in our study). This differs from the "event term" that is derived in a random effects model. This latter term is more precisely called a "random effect for a given event" (e.g., Abrahamson and Youngs 1992) . The residuals from our Stage 2 regression are equivalent to this alternate meaning of "event term.")
Site Amplification
Because corrections for site amplification were made before doing the first-stage and second-stage regressions, we discuss the determination of the site amplification coefficients first. The coefficients in the site-response equations were based on the work of CS05, rather than determined by our regression analysis. The coefficients needed to evaluate the site-response equations are listed in Tables 3 and 4. Note that for the reference velocity of 760 m / s, F LIN = F NL = F S =0. Thus the soil amplifications are specified relative to motions that would be recorded on a B/C boundary site condition.
The rationale for pre-specifying the site amplifications is that the NGA database may be insufficient to determine simultaneously all coefficients for the nonlinear soil equations and the magnitude-distance scaling, due to trade-offs that occur between parameters, particularly when soil nonlinearity is introduced. It was therefore deemed preferable to "hard-wire" the soil response based on the best-available empirical analysis in the literature, and allow the regression to determine the remaining magnitude and distance scaling factors. It is recognized that there are implicit trade-offs involved, and that a change in the prescribed soil response equations would lead to a change in the derived magnitude and distance scaling. Note, however, that our prescribed soil response terms are similar to those adopted by other NGA developers who used different approaches; thus there appears to be consensus as to the appropriate level for the soil response factors.
The details of setting the coefficients for the soil response equations are as follows. The linear amplification coefficients b lin were adopted from CS05. As shown in Figure 3 , they are similar to the linear soil coefficients derived by BJF97. CS05 do not provide coefficients for periods beyond 5 s. To determine coefficients for longer periods, we extrapolated the b lin values as shown on Figure 3 . As periods get very long ͑Ͼ5 s͒, we would expect the relative linear site amplification to decrease (and a trend in this direction has been found by some of the other NGA developers). For this reason, we subjectively decided on the linear trend in terms of log period shown in Figure 3 as the basis for choosing the values for the longer periods.
The nonlinear slope factor b nl depends on V S30 through the equations given above. Our equations define a somewhat simpler relation than that used by CS05. We compare the two definitions of the coefficient b nl for periods of 0.2 and 3.0 s in Figure 4 . The values of b nl at the hinge points V S30 = V 1 and V S30 = V 2 are given by the coefficients b 1 and b 2 , respectively, and these are functions of period. We use CS05's values for most periods. To extend the value of b 1 to periods longer than 5 s we fit two quadratic curves to the CS05 values: one for all of the values and another for values corresponding to periods greater than 0.2 s; the results were similar (see BA07 for a graph). We based our value of b 1 at periods of 7.5 s and 10 s on the quadratic fit to all of the CS05 values. This curve was also used for the value at 5 s, but the results of using the CS05 value at 5 s versus our value makes almost no difference in the predicted ground motions for 5 s periods.
We point out a potential confusion in terminology: according to Equation 8c, F NL = 0.0 when pga4nl= 0.1 g. Does this mean that there is no nonlinear amplification for this level of rock motion? Not necessarily. The amplification for this value of pga4nl is given entirely by the F LIN term because the motions used by CS05 to derive the "linear" amplifications ͑F LIN ͒ had an approximate mean log PGA for most site categories close to 0.1 g. F NL is not necessarily zero, however, for values of pga4nl less than and greater than 0.1 g. So although the amplification at pga4nl= 0.1 g is completely determined by F LIN , the amplification could implicitly include the nonlinear component that applies for values of pga4nl near 0.1 g. CS05 use only Equation 8c to describe the nonlinear amplification, and they do not limit the nonlinear response to pga4nlϾ 0.1 g. It is clear from Figure 3 of CS05 and the comment on p. 24 of their paper that they consider Equation 8c to be valid for pga4nl from 0.02 to 0.8 g. This means that the total amplification ͑F S ͒ can be greater than the "linear" amplification ͑F LIN ͒ for small values of pga4nl; their nonlinear amplification continues to increase without bound as pga4nl decreases. We made an important modification to the CS05 procedure to prevent nonlinear amplification from extending to small values of pga4nl, by capping the amplifications at a low value of pga4nl ͑0.03 g͒. Simply terminating the nonlinear amplification at a fixed value of pga4nl results in a kink in plots of ground motion vs. distance. For that reason we included a transition curve, as given in Equation 8b.
The total amplification for a short ͑0.2 s͒ and a long ͑3.0 s͒ period oscillator is shown in Figure 5 as a function of pga4nl for a range of V S30 . At short periods the nonlinear term can result in a significant reduction of motions on sites underlain by relatively low velocities. At long periods soil nonlinearity is still important, but the net soil response effect is an amplification, even for large values of pga4nl. For periods longer than 0.75 s (see Table 3 ) there is no nonlinear contribution to the amplification for V S30 Ͼ 300 m / s It should be noted that the empirical studies on which the soil amplification functions 
Distance Dependence (Stage 1)
The distance dependence of ground motion is determined in the first-stage regression, where the dependent response variable is PGA, PGV, or PSA at a selected period, in each case corrected to the reference velocity of 760 m / s by subtracting F S as defined in Equations 6, 7, 8a-8c, 9-12, and 13a-13d from ln Y observed . The corrected response variables for our selected subset of the NGA data set (using the exclusion criteria discussed earlier), with distances out to 400 km, are regressed against distance using Equation 14, which is the same as Equation 2 but with dummy variables ͑c 0 ͑event͒͒ added to represent the event term for each earthquake.
In this equation, "c 0 ͑event͒" is shorthand for the sum
͑15͒
where ͑c 0 ͒ j is the event term for event j, ␦ j equals 1 for event j and zero otherwise, and NE is the number of earthquakes.
There are several significant issues in performing this regression. One is that regional differences in attenuation are known to exist (e.g., Boore 1989 , Benz et al. 1997 ), even within relatively small regions such as California (e.g., Bakun and Joyner 1984 , Boatwright et al. 2003 , Hutton and Boore 1987 , Mori and Helmberger 1996 . We ignore this potential pitfall and assume that the distance part of the GMPEs apply for crustal earthquakes in all active tectonic regimes represented by the NGA database. This is a reasonable initial approach, as the significance of regional effects can be tested later by examining residual trends (model errors) for subsets of data organized by region. The second difficulty is more problematic: the data in the NGA Flatfile become increasingly sparse for distances beyond about 80 to 100 km, especially for moderate events. This makes it difficult, if not impossible, to obtain a robust simultaneous determination of c 1 and c 3 (slope and curvature). To overcome this database limitation, we have used additional ground-motion data from California that are not in the NGA Flatfile, to first define the "anelastic" term, c 3 , as a function of period. We then used these fixed values of c 3 in the regression of the NGA data set in order to determine the remaining coefficients.
Determination of c3 (anelastic term):
The data used to determine c 3 includes the data compiled in the NGA database for three small California events, plus many more data for these same events recorded by accelerometers at "broadband" stations in California; these additional data, compiled by J. Boatwright and L. Seekins, were not available from the traditional strong-motion data agencies used in compiling the NGA Flatfile. We also used response variables that we computed from 74 two-component recordings of the 2004 Parkfield mainshock (M 6.0) in the determination of c 3 ; these data were recorded after the compilation of the NGA database had concluded. The numbers of stations providing data for our analysis and the corresponding numbers of stations in the NGA Flatfile are given in Table 5 (see also Appendices M and N in BA07).
For the additional data for the three small California earthquakes, we used site classes assigned by Boatwright and Seekins to correct the response spectra to V S30 = 760 m / s. For the Parkfield recordings we did not correct to a common value of V S30 , as we were interested only in determining the distance function, and also because measured values of V S30 were available at only a few sites. For all of the data from the four events we used spectra from the two horizontal components as if they were separate recordings (we did not combine the horizontal components). We did the regressions on this data subset with c 1 fixed at −0.5, −0.8, and −1.0. We set c 2 to zero and solved for c 3 and h. In other words, we fixed a single straight-line slope ͑c 1 ͒, and then determined the curvature, c 3 , required to match the more rapid decay of the data at greater distances (c 3 must be less than 0). We also solved for the near-source effective depth coefficient, h, required to match the less rapid increase of the data as distance decreases at close distances. An event term that gives the relative amplitude level, ͑c 0 ͒, is determined for each of the four earthquakes (these are the coefficients of the dummy variables for each event). Figure 6 compares the regression fits to the observations, where the observations have been normalized to a common amplitude level by subtracting the event terms ͑c 0 ͒. We chose the c 3 values determined for the case c 1 = −0.8 as the fixed c 3 values to apply in the regression of the NGA data set because c 1 = −0.8 is a typical value determined in empirical regressions for the effective geometric slope parameter at intermediate periods (BJF97; this study).
As a broader check on the results from our four-event attenuation data set, we determined the best values of c 3 and h to fit the distance functions determined in southern California from a much larger database, by Raoof et al. (1999) . The equivalent values of c 3 and h implied by the Raoof et al. (1999) attenuation results are similar to those that we determined from our four-event analysis.
To assign values of c 3 over the full period range required in the NGA project, we fit a quadratic to the c 3 values from the analysis of our four-event data subset. We did not allow the value of c 3 at short periods to be less than that for PGA, thus placing an upper limit on ͉c 3 ͉ at ͉c 3 ͉ = 0.01151. Similarly, we fixed the values for long periods to be that determined for T =3 s, thus placing a lower limit on ͉c 3 ͉ of ͉c 3 ͉ = 0.00191 (we did not think it physically plausible for the anelastic attenuation to increase with period at T Ͼ 3 s).
We also constrained the c 3 values for the PGV regressions to be that for the T = 1.0 s regression. This choice is a compromise between the similarity in larger- magnitude scaling that we observed between PGV and PSA at 2 s and the recommendation of Bommer and Alarcón (2006) that PGV is related to PSA at 0.5 s.
Determination of h:
It is desirable to constrain the pseudo-depth h in the regression in order to avoid overlap in the curves for large earthquakes at very close distances. We did this by performing initial regressions with h as a free parameter, then modifying the resultant values of h as required to avoid overlap in the spectra at close distances (for the reference site condition of 760 m / s). In this regression, c 1 was a free variable and c 3 was constrained to a set of initially-determined values. We fit the values determined with h as a free parameter with a quadratic, but we observed that the h value at 0.05 s from the quadratic fit was very small, much below that determined for PGA. We increased the h value at 0.05 s to match the value for a regression of PGA with h unconstrained, and refit the quadratic with this change in the data points. We used the modified quadratic as the basis for assigning h for all periods. The value of h at short periods was guided by the unequivocal statement that PSA is equal to PGA at periods much less than 0.1 s. For PGA, we adopted the value implied by the modified quadratic for the T = 0.05 s oscillator. We then assigned values of h for periods between 0.01 s and 0.05 s to be the same as that for 0.05 s. Consistent with the convention adopted for the c 3 coefficient, we used the value of h at 1 s for PGV.
These analyses established smooth, constrained values for c 3 and h that facilitated robust and well behaved determinations of the remaining parameters by regression of the NGA database.
Determination of c1, c2, and :
With h and c 3 constrained, we regressed the response variables of the NGA database to solve for c 1 and c 2 (Equation 3), along with the event terms ͑c 0 ͒ for each earthquake, using all data (subject to the exclusions discussed earlier) for distances less than 400 km. The c 1 coefficient is the effective geometric spreading rate (slope) for an event of M = M ref , while the c 2 coefficient provides a means to describe magnitude-dependent distance decay (it changes the slope for events that are greater or smaller than M ref ). The intra-event aleatory uncertainty is given by the standard deviation of the residuals from the Stage 1 regression.
The regression used assigned values for the reference distance, R ref , at which nearsource predictions are pegged, and for the reference magnitude, M ref , to which the magnitude dependence of the geometric spreading is referenced. The assigned values for these reference values are arbitrary and are largely a matter of convenience. For M ref , we chose a value of 4.5, since this is the approximate magnitude of much of the data used to determine the fixed c 3 coefficients; this choice means that the magnitude dependence of the slope will be referenced to that observed for small events. For R ref , we use the value of 1 km. This is convenient because the curves describing the distance dependence pivot around R = R ref . The curves for larger magnitudes are flatter than for smaller magnitudes, which can lead to those curves being below the curves for smaller magnitudes at distances less than the pivot distance. This was avoided by choosing R ref =1 km, although any value such that R ref Ͻ min͑h͒, where the minimum is taken over all periods,
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would prevent undesirable overlapping of prediction curves near the source (i.e. we want to ensure that R will always be greater than the pivot distance of R ref , even when R JB =0 km).
Magnitude Dependence (Stage 2)
The event terms (coefficients ͑c 0 ͒ j in Equation 14 from the Stage 1 regression were used in a weighted Stage 2 regression to determine the magnitude scaling of the response variables. As discussed in Joyner and Boore (1993) , the Stage 2 weighted regression was iterative in order to solve for the inter-event variability . The basic form we selected for the magnitude scaling is a quadratic, similar to the form used by BJF97. However, we imposed a constraint that the quadratic not reach its maximum at M Ͻ 8.5, in order to prevent "oversaturation" (the prediction of decreasing amplitudes with increasing magnitude). The following algorithm was used to implement the constrained quadratic magnitude dependence:
1. Fit the event terms ͑c 0 ͒ j for a given period to a second-order polynomial. If the M for which the quadratic starts to decrease ͑M max ͒ is greater than 8.5, we adopt this regression for the magnitude dependence for this period. 2. If M max for a given period is less than 8.5, we perform a two-segment regression, hinged at M h (described below), with a quadratic for M ഛ M h and a linear function for M h Ͻ M. If the slope of the linear function is positive, we adopt this two-segment regression for the magnitude dependence for this period. 3. If the slope of the linear segment is negative, we redo the two-segment regression for that period, constraining the slope of the line above M h to be 0.0. Note that the equations for almost all periods less than or equal to 1.0 s required the constraint of zero slope; this is telling us that for short periods the data actually indicate oversaturation. We felt that because of limited data and knowledge, oversaturation was too extreme at this stage of equation development, and we chose to impose saturation rather than allow the data to dictate an oversaturated form. More observations from ground motions near large earthquakes, as well as theoretical simulations using dynamic rupture models (e.g., Schmedes and Archuleta, 2007 ) may give us confidence in allowing oversaturation in future versions of GMPEs.
Choice of M h : The parameter M h is the hinge magnitude at which the constrained magnitude scaling in the two-segment regression changes from the quadratic form to the linear form. Subjective inspection of nonparametric plots of data clearly indicated that near-source ground motions at short periods do not get significantly larger with increasing magnitude, beyond a magnitude in the range of 6.5 to 7, and therefore we set M h within this range.
Fault-Type Dependence: Plots of event terms against magnitude (presented later) showed that normal-fault earthquakes have amplitudes that are consistently below those for strike-slip and reverse earthquakes for most periods (others have found similar results, including Spudich et al. 1999 , Bommer et al. 2003 , and Ambraseys et al. 2005 . We used this observation to guide our determination of the dependence on fault type. We first grouped the data from all fault types together and solved for the coefficients e 1 , e 5 , e 6 , e 7 , and e 8 in Equation 5a and 5b), setting e 2 , e 3 , and e 4 to 0.0. The regression was then repeated, fixing the coefficients e 5 , e 6 , e 7 , and e 8 to the values obtained when lumping all fault types together, and solving for the coefficients e 2 , e 3 , and e 4 of the fault type dummy variables SS, NS, and RS. Thus we have constrained the relative scaling of amplitudes with magnitude to be the same for all event types, but we allow an offset in the average predicted amplitude level according to the fault mechanism. The inter-event aleatory uncertainty ͑͒ was slightly different for these two cases, so subscripts "U" and "M" were used to distinguish between unspecified and specified fault type, respectively, in the table of aleatory uncertainties. Note that the term "unspecified" is strictly applicable to a random selection of an earthquake from the distribution of fault types used in our analysis; it is an accurate description of a truly random selection from all earthquakes only to the extent that the distribution of all fault types is equal to the distribution used in our analysis.
All analyses were done using Fortran programs developed by the first author, in some cases incorporating legacy code from programs and subroutines written by W. B. Joyner.
RESULTS
COEFFICIENTS OF THE EQUATIONS
The coefficients for the GMPEs are given in Tables 3, 4, There are no normal-fault data are in our data set for an oscillator period of 10 s, and thus formally we could not obtain the coefficient e 3 for that period; the value in Table 7 was obtained using the assumption that the ratio of motions for normal and unspecified faults is the same for periods of 7.5 s and 10 s. With this assumption, e 3 ͑10s͒ = e 1 ͑10s͒ + ͑e 3 ͑7.5s͒ − e 1 ͑7.5s͒͒.
Fit of the Stage 1 Regressions
BA07 contains a series of graphs showing the observations in comparison to the Stage 1 regression predictions. These figures provide a visual test of the ability of our functional form to represent the distance dependence of the response variables. A more precise way of looking for systematic mismatches between predictions and observations is to plot the residuals from the Stage 1 analysis, defined as the ratio of observed to predicted ground motions. Figure 7 shows residuals as a function of distance for PGA and for PSA at 10 s; these span the range of seismic intensity measures included in our equations (the graphs of residuals for PSA at most oscillator periods are similar to that for PGA in Figure 7 -see BA07 for a complete set of graphs). For the sake of clarity, we have separated the residuals into different magnitude ranges and for two specific earthquakes in Figure 7 . Log residuals averaged over distance bins 0.1 log unit in width and magnitude bins 1 unit in width are shown in Figure 8 trends in magnitude, distance, or shear-wave velocity. We therefore judge the fit between observations and our predictions to be reasonable. In particular, we note that the imposed soil response coefficients appear to be adequate, as evidenced by the apparent fit over the three distinct ranges of shear-wave velocity used in Figure 8 ; the fit is good at both short and large distances over all magnitude ranges, which implicitly supports the degree of nonlinearity that was specified.
Fit of the Stage 2 Regressions
Figure 9 is a plot of the antilog of the event terms ͑c 0 ͒ j from the Stage 1 regression as a function of magnitude, with the Stage 2 regression fit to these terms superimposed. The fault type for each earthquake is indicated, as are curves for fault type unspecified and for strike-slip, normal, and thrust/reverse faults (the fault type is indicated by the color of the symbols). The functional form provides a reasonable fit to the near-source amplitude data. Note that the magnitude scaling for T = 10 s at M Ͻ 6.5 is strongly controlled by the data from only one small earthquake (2000 Yountville, M 5.0), and may therefore be unreliable for M Ͻ 6.5.
Predictions of PSA from Combined Stage 1 and Stage 2 Regressions
Graphs of PSA predicted from our equations for three values of R JB and four magnitudes are shown in Figure 10 . The curves for the larger earthquakes tend to squeeze together for periods near 0.2-0.3 s, probably a reflection of the pinching together of the effective geometric spreading factor for these periods. But otherwise the PSA are quite smooth, especially considering that many of the coefficients were determined independently for each period.
Plots of PSA as a function of distance are shown in Figure 11 for two representative periods (see BA07 for plots at other periods). The figure is for V S30 = 760 m / s (NEHRP B/C boundary).
The effect of V S30 on predicted ground-motion amplitude is shown in Figure 12 . Nonlinear soil amplification causes the curves to cross, such that at close distances lower values of V S30 (softer sites) will have lower predicted amplitudes than stiffer sites, due to nonlinear deamplification. The effect is more pronounced at short periods than at long periods.
Surface Slip vs. No-Surface Slip Earthquakes
Several authors (e.g., Somerville and Pitarka 2006) have proposed that the highfrequency ground motions from earthquakes with faults that break to the surface are smaller than from those with faults that remain buried. We search for evidence of this effect in Figure 13 , which shows the event-term residuals from the Stage 1 regression plotted against M for the two classes of earthquakes. The first thing to notice is that most surface-slip earthquakes correspond to larger magnitudes, with almost no buried ruptures for magnitude greater than M =7. For this reason any reduction in motions for surface-slip earthquakes will be mapped into reduced magnitude scaling in the Stage 2 magnitude regression. In order to differentiate magnitude scaling from the effects of surface versus buried rupture, data from both class of rupture are needed for the same range of magnitudes. As seen in Figure 13 , it is only for strike-slip earthquakes that there is more than one of each class of earthquake in a common magnitude range (there are several strike-slip events of 5.7-6.7 in both classes). There is no indication for these earthquakes that the event-term residuals are systematically different for the two classes of data. Therefore, there was no need to include dummy variables for surface-slip/buried earthquakes in our functional forms. As confidence in simulations from dynamic models of rupture propagation increases, or if additional data change our understanding, it might be that in the future we will add a buried/surface faulting term to the equations. By doing so, the apparent saturation of the magnitude scaling would not be as dramatic (i.e., the larger earthquakes are entirely surface slip events, and if these produce smaller ground motions than buried events, as has been suggested by Somerville and colleagues (e.g., Somerville and Pitarka 2006) , then there will be an apparent tendency for saturation if the events are not separated into two classes according to whether they break to the surface or not).
Dependence of Stage 1 Residuals on Basin Depth
Another ground-motion effect that we searched for in the residuals of the Stage 1 regression was that of basin depth. Basin-depth effects on ground-motion amplitudes have been reported in empirical studies (Field, 2000; , and from simulations (Day et al. 2008) . One of the reasons that we did not include a basin-depth term in our equations is indicated in Figure 14 , which shows the distribution of V S30 and a PSA from our equations, as a function of distance for magnitude 7, fault type unspecified, and three values of V S30 . Note that the same vertical scale was used for both graphs in order to compare the magnitude scaling for the two periods. 
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have been captured by the empirically-determined site amplification. To try to separate the amplification and the basin-depth effects in the data would require use of additional information or assumptions. Since we are opting for the simplest equations required by the data, no attempt was made to break down the site-response function into basin depth and the amplification terms.
We searched for any uncaptured basin depth effect by examining the residuals of the Stage 1 regressions. We find that the residuals have no dependence on basin depth, except for a trend to positive residuals (underprediction) for long periods at distances beyond 80 km (by about a factor of 1.6), for sites having depth-to-1.5 km/ s Ͼ 700 m. (The trend for greater distances is shown in a figure not included here.) These residuals could also be due to regional variations in the distance function, along with correlations between distance and the basin depth. Figure 15 contains plots of the Stage 1 residuals against the depth-to-V S30 = 1.5 km/ s; only residuals for R JB ഛ 80 km are shown, in order not to map mismatches in the more distant attenuation into the residuals. There is no obvious dependence of the residuals on basin depth. But assuming that the positive residuals at distances greater than 80 km are due solely to a basin depth effect, the trends indicate that our equations may underpredict long-period motions at large distances from sites in deep basins. For shallower basins and at shorter distances, we find no basin depth effect. This is not surprising in light of the observations made above regarding the correlation between basin parameters and V S30 . (Note: similar results were obtained when the depth to 2.5 km/ s was used as the measure of basin depth.) Another reason for little apparent basin effect has to do with the way in which basins affect incoming waves; found a basin effect for sources inside the basin in which the motions were recorded, but little effect for sources outside the basin; they attribute the difference to the manner in which incoming waves are converted and refracted upon entering the basin. As many of our data come from earthquakes that occurred outside the basins in which they were recorded, a similar explanation might apply to our finding.
Comparison of GMPEs Developed With and Without the 1999 Chi-Chi Earthquake
Because the Chi-Chi earthquake forms a significant fraction of the data set we used in developing our equations, it is important to see how the equations would change if the data from the Chi-Chi earthquake were eliminated from both the Stage 1 and the Stage 2 regressions. We therefore repeated the complete analysis without the Chi-Chi data. Figure 16 compares selected ground-motion intensity measures given by the two sets of equations. The figure also shows the percent of data used in the regression analysis from the Chi-Chi earthquake (the number of Chi-Chi recordings is the numerator of the ratio). It is clear that the fraction of the data set contributed by the Chi-Chi earthquake increases with period, reaching 64% of the data set for a period of 10 s. For this reason it is not surprising that the predictions of 10 s PSA are quite different for the equations developed with and without the Chi-Chi data (the ordinate scales of all graphs in Figure  16 are the same, to facilitate comparisons of the relations between the two predictions between periods); at intermediate to short periods, however, the differences are not dramatic. Interestingly, the differences can occur even at small magnitudes (despite the fact that we include only the Chi-Chi mainshock, not its aftershocks). We think the explanation of this apparent paradox is that the Chi-Chi earthquake is very well recorded and thus dominates the Stage 1 regression, for which each recording of an earthquake has equal weight in determining the distance terms in the equations. These distance terms then affect the event terms, and this in turn controls the magnitude scaling. We conclude that although the Chi-Chi earthquake affects the GMPEs, it is only a major controlling factor in the predictions of PSA at periods of greater than 5 s.
Comparison of BA07 and BJF97 GMPEs
It is interesting to compare our new predicted ground motions with those from the Boore et al. (1997) (BJF97) equations. Figure 17 (top row) compares the magnitudedistance distribution of the data used in each study. It is apparent that many more data are used in the new equations; the NGA data fill gaps at close distances for all magnitudes, add more data at small magnitudes at all distances, add data for large magnitudes, and fill out the distribution so that no longer is there a strong correlation between distance and magnitude in the data set. For this reason, the new equations provide a more robust prediction of ground-motion amplitudes over a wide range of magnitudes and distances.
We compare predicted ground motions from the BJF97 equations and from our current equations in Figure 17 (bottom row), for V S30 = 420 m / s, which is near the weighted geometric mean of the velocities for the sites used in the BJF97 regression analysis. We use the same scale for the ordinates in both graphs. The new and old equations predict similar amplitudes for M and R JB ranges for which data were available for the BJF97 equation development. Large differences occur in regions of the magnitude-distance space for which data were not available in BJF97; the differences in the predicted values of seismic ground-motion intensity are largely attributable to the overly-simplified distance-independent magnitude scaling used in the BJF97 equations.
At all periods, the new equations predict significantly smaller motions than do the BJF97 equations for large magnitudes. This is probably the most important change in the new equations compared to the old equations. The difference in the predicted motions is particularly large for T =1 s and M = 7.5 (a factor of 2.4 at R JB =1 km). Almost no data were available in BJF97 for M ϳ 7.5 and R JB Ͻ 10 km (see Figure 17) , so discrepancies are not surprising. The BJF97 data were for R JB centered about 30 km. The discrepancy between the predictions from the BJF97 and the new equations is not nearly as strong for R JB near 30 km as it is for R JB Ͻ 10 km. Observed differences at R JB Ϸ 30 km are likely due to including more data for large earthquakes in our current equations. The values of the BJF97 motions at close distances are strongly controlled by the assumption of distance-independent M scaling (and therefore the scaling at close distances is driven by the R JB Ϸ 30 km data). The current equations allow for M-dependent distance scaling. Another effect that can reduce motions predicted from our equations at close distances from large earthquakes is nonlinear site response, which is not included in BJF97.
The total aleatory uncertainties, as well as the intra-and inter-event uncertainties, are significantly larger for the new equations than for the BJF97 equations (e.g., for a period of 0.2 s the total aleatory uncertainty is 0.60 for our equations and 0.44 for BJF97; more comparisons can be found in Table 4 .6 of BA07). We are not sure of the reasons for the differences, but we suspect the differences are due to a combination of more data providing a better sample of the true uncertainty, as well as an increase in the uncertainties produced by mixing data from regions for which the attenuation of the motions might be different (see Douglas 2007 , for a study of regional differences in ground-motion prediction). The larger sigma values will offset to some extent the smaller ground motions for large magnitudes in the construction of seismic hazard maps. However, it is a point for further investigation how the aleatory uncertainties should be implemented in hazard analyses for a particular site, given that part of the aleatory uncertainty arises from mixing data from numerous regions.
GUIDELINES FOR USAGE LIMITS ON PREDICTOR VARIABLES
We wish to emphasize that our equations should be used only for predictor variables in these ranges:
These limits are subjective estimates based on the distributions of the recordings used to develop the equations.
PREDICTIONS FOR OTHER MEASURES OF SEISMIC INTENSITY
The NGA GMPEs are for the GMRotI measure of seismic intensity. Simple conversion factors between GMRotI and other measures of seismic intensity are given by Beyer and Bommer (2006) and Watson-Lamprey and Boore (2007) , as well as by Campbell and Bozorgnia (2008) .
DISCUSSION AND SUMMARY
We have presented a set of ground-motion prediction equations that we believe are the simplest formulation demanded by the NGA database used for the regressions. Future versions of the equations might include additional terms, such as basin depth, if these can be unambiguously supported by data. Expansion of the NGA database by way of additional or reprocessed data could potentially support the inclusion of more predictive variables. In spite of this, we note that the aleatory uncertainties in our equations are similar to those of other NGA developers who included more predictive variables. Therefore we do not think that our simplified analysis limits the usefulness of our equations, at least for those situations for which predictor variables not included in our equations are not crucial in site-specific hazard analysis.
One modification we would like to address in future versions of our equations is to account for regional variations in distance attenuation, particularly at distances beyond about 80 km. The near-source data could be used to constrain magnitude scaling for all regions, which could be patched onto regionally-dependent distance functions. The approach taken in this study, in which the anelastic coefficient was constrained using data But does that mean that the values of V S30 in the NGA database should be used to determine the average value of V S30 that will be substituted into the GMPEs for a given NEHRP site class? Yes, under the assumption that the distribution of V S30 in the NGA database is similar to the one that would be obtained if a random site were selected. We discuss this in more detail at the end of this appendix.
To determine the geometric means of V S30 from the NGA Flatfile, we used the Excel function vlookup to select only one entry per station. Figure A1 shows the histograms. For the Boore (2003) data set, we used values of V S30 for which the borehole velocities had to be extrapolated less than 2.5 m to reach 30 m. The top graph shows histograms for the Boore (2003) velocities; the middle graph shows histograms for NGA velocities for which the values of V S30 are based on measurements (source= 0 and 5); and the bottom graph is for NGA values from measurements and estimations (source= 0, 1, 2, and 5). In choosing the most representative value of V S30 for each NEHRP class, we gave most weight to the middle graph in Figure A1 . Those histograms used more data than in Boore (2003) , but they are not subject to the possible bias in using an estimated value of V S30 , in which the value might be based on the assignment of a NEHRP class to a site, with someone else's correlation between NEHRP class and V S30 (correlations that may or may not have used the geometric mean of V S30 ). We are trying to find the appropriate value independently.
The gray vertical lines in Figure A1 are the geometric means in each NEHRP class for the data used for each graph; the black vertical lines in Figure A1 are the V S30 values we recommend be used for each NEHRP class; they are controlled largely by the analysis of the source= 0 and 5 NGA data. Table A1 contains the values of V S30 determined for the different histograms. Based on these values, the second-to-last column in the table contains the observation-based representative values that could substituted into the NGA GMPEs for specific NEHRP classes. The last column contains another possible set of values for evaluating the GMPEs for a specific NEHRP class; these values are the geometric means of the velocities defining each NEHRP class, rounded to the nearest 5 m/s (e.g., for NEHRP class D the value from the class definition is ͱ 180ϫ 360 = 255 m / s).
As mentioned before, the values in the second-to-last column of Table A1 are Table A1 ).
geographic region of interest is the same as that for the data used in the analysis above.
Most of the measured values in the NGA database, however, come from the Los Angeles and San Francisco areas of California, so there is the potential for a bias if the V S30 values for those regions are not representative of a generic site. An alternative set of representative V S30 values for each NEHRP site class is given by the geometric mean of the velocities defining the site-class boundaries. These are given in the last column of Table  A1 . The values in the last two columns of Table A1 are similar, but to assess the impact of the two sets of representative values, we evaluated the ratios of ground motions for the two values for each NEHRP class, for a wide range of periods and distances. The differences in ground motions using the two possible sets of V S30 values are less than 8%, 5%, and 3% for NEHRP classes B, C, and D, respectively. The differences are largest at long periods for classes B and C and for short periods for class D. The differences in ground motions for each site class obtained using the alternative sets of representative V S30 values are so small that either set of could be used. 
